One of the most prominent features at the mid-blastula transition (MBT) observed in most embryos is a pause in cell cycle regulated by the nucleocytoplasmic (N/C) ratio. By using chromosome rearrangements to manipulate the DNA content of embryos, we determined that the threshold for this cell cycle pause in Drosophila is about 70% of the DNA content normally present at cycle 14. Embryos with DNA contents around this value show intermediate cell cycle behaviors. Some pause at cycle 14, some at cycle 15, and some form patches arrested in different mitotic cycles. A second feature at MBT is a massive increase in zygotic transcription and a parallel degradation of maternally supplied RNAs. To determine whether these changes in gene expression are governed by the same N/C ratio that controls cell cycle pause, we compared gene expression in haploid and diploid Drosophila embryos. We find that most maternal RNA degradation and most new transcription correlate with absolute time or developmental stage, and are timed independently of the N/C ratio. We identify a class of zygotically active genes whose expression depends on the N/C ratio and which are only expressed at cycle 15 in haploids. In embryos with patchy cell cycle behavior due to threshold DNA contents, the expression of these genes correlates tightly with the boundaries of the mitotic patches, suggesting either that the mechanism that pauses the mitotic cycle is the same as the one that measures the N/C ratio, or that it is tightly coupled to the mechanism controlling zygotic transcription of N/C ratio genes at the MBT.
INTRODUCTION
The development of most metazoan embryos is characterized by a series of rapid, synchronous cell divisions, followed by a dramatic slowing of the cell cycle, the onset of asynchronous cleavages and the initiation of morphogenetic movements (O'Farrell et al., 2004) . The alteration in cell cycle behavior occurs coordinately with both the onset of bulk transcription from the zygotic genome and the degradation of maternal RNAs required for early development prior to the activation of the zygotic genome (McKnight and Miller, 1976; Zalokar, 1976) . Despite the near universality of this developmental switch, known as the mid-blastula transition (MBT), the molecular mechanisms that regulate the MBT and coordinate alterations in the cell cycle timing with the activation of zygotic transcription and the degradation of maternal messages remain largely unknown.
In most organisms, the MBT occurs after a defined number of cell cycles and thus at a fixed time after fertilization. However, previous work has shown that the transition is not controlled by the absolute time after fertilization or by a cell cycle counting mechanism. Instead, the ratio of nuclear content to cytoplasmic volume (the N/C ratio) controls the timing of the MBT and the onset of zygotic transcription in organisms as diverse as Drosophila and Xenopus. In Xenopus embryos, where wholesale zygotic transcription normally begins after 12 cycles of DNA replication and mitosis, manipulations that artificially increase the DNA content cause premature activation of the zygotic genome (Newport and Kirschner, 1982a; Newport and Kirschner, 1982b) . Similarly, in Drosophila embryos, which normally undergo 13 rapid cleavage divisions, reduction of the DNA content by half in haploid embryos results in an extra cell cycle, with a corresponding delay of the MBT (Edgar et al., 1986) . These observations have led to a model in which the exponential increase in DNA content during cleavage stages results in the titration and inactivation of a hypothetical cytoplasmic factor that inhibits onset of the MBT before the embryo attains the correct N/C ratio. However, it is unknown whether the control of the MBT requires the presence of specific genomic intervals and/or certain DNA sequences, or, conversely, depends upon total DNA content irrespective of specific sequences. Moreover, proper development requires that every cell in the embryo responds robustly and simultaneously to the N/C ratio, but no prior study has addressed how the N/C ratio ensures a robust response or to what degree the embryo is susceptible to variations in N/C values.
The burst of zygotic transcription seen at the MBT is correlated with the elimination of maternal RNAs (Mathavan et al., 2005; Pilot et al., 2006) . In zebrafish, zygotic activation and maternal degradation are coupled through the transcription of specific microRNAs that promote maternal RNA deadenylation and clearance (Giraldez et al., 2006) . A similar role for zygotically expressed miRNAs has been postulated for maternal RNA degradation during Drosophila MBT (Bushati et al., 2008) . However, no mechanistic links have yet been established between the alterations in cell cycle and the switch from maternally to zygotically driven developmental processes. It is unclear whether these changes in gene expression are controlled by the same processes that alter cell cycle downstream of the N/C measurement. Previous studies identified a small number of genes whose transcriptional activation appears to be controlled by the N/C ratio, as well as genes whose expression appears independent of that ratio (Grosshans et al., 2003; Grosshans and Wieschaus, 2000; Yasuda and Schubiger, 1991) . No studies have characterized global transcriptional activation in the context of an altered N/C ratio, and thus it is uncertain how tightly general transcriptional activation is coupled to cell cycle control of the MBT.
Coupling of zygotic transcription to mitotic control at the Drosophila mid-blastula transition
Here, we address these questions using an array of genetic tools available in Drosophila. By using compound chromosome rearrangements (Merrill et al., 1988) , we found that cell cycle behavior does not require the presence of any specific genomic interval. We determined that the coordinated, robust initiation of MBT requires an N/C ratio above about 70% of that found in a normal embryo at cycle 14. Embryos whose DNA content is near this 70% threshold display patches of nuclei paused at either cycle 14 or cycle 15. Next, we compared the transcriptomes of MBTdelayed haploid embryos with those of wild-type diploid embryos. We found that most zygotic transcription, as well as the accompanying maternal RNA degradation, does not rely on the N/C ratio, but instead occurs at a strict time interval following fertilization, indicating the presence of a timing mechanism that operates independently of the N/C ratio. We also identified a small class of 88 zygotically active genes whose expression does depend on the N/C ratio. We found that in embryos with DNA content near the 70% threshold, the expression of this class of genes correlates precisely with boundaries of cell cycle behavior, arguing that the mechanism that reads the N/C ratio regulates both cell cycle and the temporal expression of this gene class. By contrast, N/C ratioindependent genes were expressed in their correct spatial patterns irrespective of cell cycle behavior, providing further support for the existence of two independent mechanisms modulating the onset of zygotic gene expression near the MBT.
MATERIALS AND METHODS

Fly strains and genetics
w; Histone 2A-GFP was used as wild type; the H2A-GFP transgene was crossed into the maternal haploid strain to obtain mh / FM7; H2A-GFP. w ssm [185b] / FM7c was a gift from Kami Ahmad (Harvard University, USA). The compound II chromosome RM(2L); RM(2R) (=C(2)v) and compound III chromosome RM(3L); RM(3R) (=C(3)se) are maintained at Princeton, the compound II C(2) EN and compound III C(3) EN chromosomes were obtained from the Bloomington Stock Center (stock numbers 2974 and 1117), as were the compound stocks with free fragments (stock numbers 2682: y[1];F(3L)2, h 2 ; C(3R)RM-P3, sr and 2707: y; C(2L)RM-P2,dp ov1 ; F(2R)1, bw). To introduce the Histone 2A-GFP marker into the compound stocks, the transgene was first jumped from its original location on the third chromosome to the X chromosome, and then either the third chromosomal or X-chromosomal transgene was crossed into the compound lines as the rare survivors of nondisjunction in the female.
Time-lapse fluorescence microscopy
Two-to 3-hour embryos were collected at room temperature from applejuice agar plates, dechorinated and placed onto a slide with carbon-hydro oil 27 (Sigma). Fluorescent time-lapse images were taken using a 20ϫ objective on CARVI spinning disc microscope at 20 second intervals. The movies were compressed to 10 frames/second.
Microarray and data analysis
Embryos were identified under an Epifluorescence microscope, timed from telophase of the previous cycle to 15 and 40 minutes later, hand-selected and frozen by dry-ice chilled heptane (Sigma). Triplicates of about 50 embryos each at the desired age were collected for each time point. RNA extraction and microarray procedures were performed according to the standard Affymetrix protocols. Eighteen Drosophila 2.0 Affymetrix chips were used. Chip signal was normalized by the Loess method and logtransformed before all data analyses. For hierarchical clustering, genes were centered and normalized in Gene Cluster 3.0 before clustering. Complete linkage was used with Euclidean distance. Microarray data reported herein have been deposited at the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) with the accession number GSE14287.
Multi-dimensional scaling (MDS) is a dimensionality reduction technique that takes as input a matrix of distances between gene expression profiles, e.g. across multiple time points, and returns an arrangement of points in a two-dimensional space, so that each point represents a gene, and the distances between points in the two dimensions are as close as possible to the original distances (Cox and Cox, 2001) . MDS comes in multiple variants, and in this paper, we use Kruskal's non-metric multi-dimensional scaling, implemented by the isoMDS() function in the R statistical software.
Quantitative RT-PCR
Embryos were collected the same way as in the microarray experiment. RNA extraction was performed following the TRIzol protocol (Invitrogen) and cDNA was synthesized using the SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen). Quantitative PCR was performed using an ABI 7900 Real Time PCR System. Triplicates were done for each genotype and each time point. Primers used were: nos-F, AGCCGATCATCACCATGGA; nos-R, CTTGGCTAGGCGGAACGAT; Hsp83-F, ACATGGAGGAGGTCGATTAAGC; Hsp83-R, TGCGAGTG -ATAGAATGAATTTTGG; bcd-F, AGTTGCCGCCACAATTCC; bcd-R, GCTCTTGTCCAGACCCTTCAAA; stg-F, AATCGGCGACTTCAGC -AAA; stg-R, CGATGACGACCCTCCATCA; twe-F, TGCCAGC -ACCACCGTTCT; twe-R, GGCGGGCTCCATTCATATT; tub56D-F, GCATGGACGAGATGGAGTTCA; and tub56D-R, CTCGGACA -CCAGATCGTTCAT.
In situ hybridization
Two-to 4-hour embryos were collected, dechorinated, and fixed with 4% paraformaldehyde. In most in situ hybridization experiments, standard digoxigenin-labeled RNA probes were detected using alkaline phosphataseconjugated secondary antibodies. Probes against different genes were made by PCR and in vitro transcription (Invitrogen transcription kit). Primers for each probe were designed by PRIMER3.0 (Rozen and Skaletsky, 2000) . During the final wash, Hoechst 33342 was applied for DNA staining. Embryos were mounted in Aqua-Polymount (Polysciences). For fluorescent in situ (FISH), mouse-anti-digoxigenin (1:200) primary antibody (Roche) was used followed by anti-mouse Alexa Fluor 488 (Invitrogen). Nascent transcripts were visualized using a Leica SP5 confocal microscope.
RESULTS
Nonspecific alteration of genomic content modifies the N/C ratio and controls mitotic behavior
To compare the temporal dynamics of mitotic division in haploid embryos to normal diploids, we used homozygous maternal haploid (mh) females, which produce only haploid embryos, and monitored transgenically expressed Histone-GFP by time-lapse fluorescence microscopy. Whereas diploid and haploid embryos possess similar cell cycle duration and lengthening of interphase 13, haploid embryos failed to pause after the thirteenth division, and instead underwent an extra round of synchronous mitosis about 27 minutes into cycle 14 interphase (Fig. 1) . Consistent with previous results (Edgar et al., 1986) , in haploid embryos cellularization was initiated but aborted at cycle 14 and then completed at cycle 15. The subsequent cycle 15 interphase was comparable in length to the diploid cycle 14, although the nuclei showed an irregular distribution during the nuclear elongation phase and cellularization, presumably because of their increased density (see Fig. S1A in the supplementary material).
The additional mitosis allows mh embryos to reach the N/C ratio of wild-type embryos at cycle 14, confirming a role for the N/C ratio in timing the cell cycle pause at the Drosophila MBT. However, the results do not distinguish whether specific chromosomal loci are required to induce MBT, or alternatively if total DNA content, irrespective of specific sequence, determines the N/C ratio. To distinguish between these two possibilities, we used a set of chromosomal rearrangements [C(1)DX/Y, C(2)v and C(3)se] that allowed us to replace one arm of a given chromosome with a duplicate copy of the opposite arm of the same chromosome.
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Because the left and right arms of each chromosome are similar in size ( Fig. 2A ), embryos produced from such rearrangements lack one chromosomal arm, but possess a total DNA content similar to the wild-type one (see Fig. S1B in the supplementary material). We found that nearly all such embryos followed a normal cell cycle pattern, regardless of the removal of any portion of the genome (see Table 1 ). The occasional extra divisions observed in C(3)se stocks could be attributed to tribbles and fruhstart on chromosome III, which have been shown to have small but reproducible effects on the cell cycle at MBT (Grosshans et al., 2003; Grosshans and Wieschaus, 2000) . These results support the view that the N/C ratio is not determined by any individual zygotic locus.
To test whether total DNA accounts for N/C ratio-dependent behavior, we used compound stocks (C(2)EN or C(3)EN) in which the entire diploid content of a particular autosome has been fused to the same centromere. Such stocks produce embryos that lack all copies of a specific chromosome (Fig. 2B ) while retaining normal diploid complement of the others. The total DNA content per nucleus in such embryos is reduced to 66% of the wild-type content for C(2)EN and 60% for C(3)EN. Even though such embryos are diploid for the majority of their genome, they showed haploid cell cycle behavior, and underwent an additional fifteenth mitosis (Table  1) . This indicates that the presence of two copies of any single gene does not ensure a diploid-like N/C ratio at cycle 14 and, coupled with the normal behavior of C(2)v and C(3)se embryos, demonstrates that nonspecific alterations in total DNA content modulate the N/C ratio and control cell cycle behavior.
A robust, coordinated mitotic response requires an N/C ratio above 70% of that of cycle 14 wildtype embryos Embryos lacking either chromosome II or chromosome III have 10% more DNA than do true haploids, yet this increase in nuclear content is not sufficient to suppress an additional mitotic cycle. To determine the minimum DNA content necessary to induce cell cycle pause, we used additional chromosomal rearrangements to generate embryos with DNA content ranging from 60-85% of wild type (see Fig. S1B in the supplementary material; Table 1 ). Embryos with more than 75% of the normal DNA content behaved like wild-type embryos and paused at cycle 14, whereas embryos with less than 66% of normal DNA content generally underwent an additional mitotic division. By contrast, embryos whose DNA content was between 66% and 75% displayed an intermediate behavior, with many pausing at either cycle 14 or 15. A fraction of these embryos displayed intermixed regions of different nuclear densities, with some regions paused at cycle 14 and others at cycle 15 (Fig. 2C , Table 1 ). These results suggest that a DNA content above about 70% of that normally present at cycle 14 is required for the coordinated pause in mitotic progression.
If an N/C ratio near 70% of that seen in wild type at cycle 14 represents a threshold value needed to alter mitotic behavior, embryos reaching this value prematurely should show an inappropriately early pause in cell cycle progression. Therefore, we examined nuclear division and cellularization in embryos containing an extra diploid set of either the second or third chromosomes. Such embryos possess DNA contents of 134% and 140% compared with wild type, and at cycle 13 have already attained N/C ratios (67% and 70%) near the threshold for a cell cycle pause in wild type. We observed cellularized embryos (an indication of cycle pause) at a nuclear density similar to that at cycle 13, and embryos with mixed territories of nuclei in cycles 13 and 14. In the latter case, cellularization was more advanced in the patch with the lower 2103 RESEARCH ARTICLE Coupling of transcription to mitosis Table 1 ). Arrow indicates the boundary of the mitotic patch in the cycle 13/cycle 14 embryo; the patch with the lower cycle 13 density is to the right, the asterisk indicates the region with the higher cycle 14 nuclear density. Scale bar for higher magnification images: 50 μm. nuclear density, suggesting that regions that pause prematurely initiate cellularization early ( Fig. 2C ; see Fig. S1C in the supplementary material). The mitotic behavior of all of these embryos confirms that total DNA content, rather than the number of copies of specific genes, dictates the N/C ratio.
In some embryos with N/C ratios near the 70% threshold value, we observed patches of different nuclear densities. These patches were of different sizes and showed relatively sharp boundaries, with no co-mingling of nuclei in discrepant cell cycles. We note that if the N/C ratio controlled an embryo-wide or global-level mechanism for enacting alterations in the cell cycle, all nuclei in a given embryo would pause after the same number of divisions. Conversely, if cell cycle decisions were made by each nucleus independently, we would expect a salt-and-pepper-like pattern of mixing of nuclei in discrepant cell cycles. The large mitotic patches we observed suggest the presence of a community effect, in which neighboring nuclei influence one another's mitotic behavior. Therefore, we propose that the response to the N/C ratio occurs in a locally nonautonomous manner, such that an N/C value of greater than 70% of that seen in cycle 14 wild-type embryos is required to ensure a robust, synchronized response from every nucleus of the embryo.
Degradation of maternal RNA occurs independently of N/C ratio
We next investigated whether the N/C threshold controls the switch from maternal to zygotic gene expression. We compared transcript levels in wild-type and haploid embryos using cDNA microarrays. For the diploid transcriptional profile, we prepared cDNA from hand selected wild-type embryos at cycle 13 interphase (15 minutes after the nuclear division of cycle 12), and at early and late cycle 14 interphase (15 minutes and 40 minutes after cycle 13 division). We compared this with cDNA from haploids that were matched to wild type with respect to N/C ratio, i.e. at cycle 14 (15 minutes after cycle 13 mitosis), and at early and late cycle 15 (15 minutes and 40 minutes after the nuclear division of cycle 14; Fig. 3A) . In all experiments the cell cycle progression was monitored in each embryo by the Histone 2A-GFP pattern. Gene expression profiles were acquired using Affymetrix microarray, each with three biological replicates that displayed little variation (see Fig. S2 in the supplementary material). Previously, our laboratory identified~4 000 purely maternal (no zygotic transcription) and ~300 purely zygotic (no maternal RNA) transcripts (De Renzis et al., 2007) that form the categories used for data analysis.
We first examined the purely maternal RNAs by comparing their expression at cycle 13 and early cycle 14 in the diploid embryos. Expression of about 30% of the maternal RNA species fell more than 2-fold during this 20-minute period (Fig. 3B) , in patterns that were consistent with previous reports for individual RNAs used as markers for specific degradation pathways (Semotok and Lipshitz, 2007) . For example, we saw a significant degradation of maternal nanos and Hsp83 between cycle 13 and 14, and a destabilization of bcd RNA late in cycle 14, which was independently confirmed by quantitative RT-PCR of samples from hand-collected diploid and haploid embryos staged visually using Histone 2A-GFP (Fig. 3D) . When diploids and haploids at the same developmental stage (cycle 14) were compared, mRNA levels were similar (Fig. 3C ), even though haploids had not yet achieved the N/C ratio needed to initiate the cell cycle pause. This suggests that maternal RNA degradation depends on absolute developmental timing, rather than the N/C ratio. To confirm this time dependence, we also used quantitative RT-PCR to measure levels of string (stg), a homolog of cdc25 previously shown to undergo significant degradation at the onset of MBT (Fig. 3E) . We found that the temporal regulation of maternal stg was not altered by DNA content: stg levels at cycle 13 were similar in haploids and diploids, and fell about 3-fold in both genotypes at the onset of cycle 14. By late cycle 14, stg RNA was essentially undetectable. Interestingly, we noted that another cdc25 homolog, twine, did not follow the pattern of time-dependent maternal message degradation; its elimination correlated instead with the N/C ratio (Fig. 3E) . Because the Cdc25 proteins are essential for the G2/M transition in the cell cycle, the time and stage dependence of maternal RNA degradation might be relevant for the mechanisms that induce the cell cycle pause occurring at cycle 14 (Edgar and Datar, 1996) . 
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Development 136 (12) Embryos paused in interphase (judged by nuclear elongation and cellularization) were counted and the percentage calculated. The percentage in parentheses indicates the patchy embryos of the corresponding cycle. *The increased percentage of patchy embryos in c3se is probably due to tribbles or fruhstart on chromosome III.
haploid and diploid embryos. When grouped by hierarchical clustering based on temporal dynamics of expression, these genes fell into two large clusters that accounted for 75% of the 290 genes (Fig. 4A ). In the first cluster of 88 genes, the gene expression level at cycle 13 in diploid embryos (D13) was similar to that at cycle 14 in haploid embryos (H14), and the gene expression level at early cycle 14 in diploids (D14E) was similar to that at cycle 15 in haploids (H15). The expression of these genes was delayed for one cell cycle in haploid embryos and thus correlated with the N/C ratio. We refer to these as N/C ratio-dependent genes. However, the majority of the zygotic genes (127 genes) fell in a second cluster in which expression levels at early cycle 14 in haploid embryos (H14) were very similar to those at cycle 14 in diploid embryos (D14E) and much higher than those of cycle 13 diploid embryos (D13). Transcription of these genes began at the same developmental stage irrespective of the N/C ratio, similar to the timing of maternal transcript degradation. Therefore, we designated this class the time-dependent genes. Although both N/C ratio-dependent and -independent groups show further heterogeneities that suggest additional levels of control, the unbiased hierarchical clustering supports the existence of two relatively distinct timing mechanisms associated with the MBT. The remaining 25% of the zygotically active genes showed more complicated expression patterns and many in fact represent a cohort of genes expressed prior to the MBT in cycle 11/12 embryos (Bosch et al., 2006; De Renzis et al., 2007; Liang et al., 2008 ) (data not shown).
To validate the different properties of the two major clusters, we used multiple-dimension scaling (MDS), which reduces the dimensionality of the data set but preserves the relative distance of individual data points. Time-and N/C ratio-dependent genes remained well separated by this method (Fig. 4B) . To verify the temporal and spatial expression pattern of the two classes of purely zygotic genes, we performed in situ hybridization for selected N/C ratio-and time-dependent genes on wild-type diploid embryos and on haploids produced from mh or another maternal effect mutation, sesame (ssm; Hira -FlyBase) (Loppin and Couble, 2001; Loppin and Couble, 2005) . All tested time-dependent genes were zygotically activated at cycle 14 in both haploids and diploids, regardless of the N/C ratio. By contrast, N/C ratio-dependent genes showed very similar expression patterns in wild-type diploids and mh haploids, but with a one-cycle delay in the haploid embryos ( Fig.  5 ; see Figs S3, S4 in the supplementary material). Remarkably, N/C ratio-dependent genes preserved their normal spatial and temporal expression patterns in haploids. Genes such as odd skipped (odd) and spalt major (salm), which are activated in stripes of discrete width over a well-defined temporal progression in wild type,
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Coupling of transcription to mitosis maintained their correct spatial domains and were expressed in their proper temporal order in haploids, despite the occurrence of an extra division and the presence of twice the normal number of nuclei (Fig.  5A,C) . Based on these results, we conclude that two different regulatory mechanisms control the expression of purely zygotic genes around the MBT. Moreover, haploid embryos appear to maintain a large degree of patterning information in spite of the temporal decoupling of two regulatory mechanisms.
Titration of the N/C ratio specifically affects zygotic transcription of N/C ratio-dependent genes
The delayed expression of N/C ratio-dependent genes in haploid embryos suggests that control of their transcription relies on total DNA content, similar to the onset of the mitotic pause. Alternatively, the apparent delay of zygotic transcription could be simply due to reduced zygotic transcription resulting from the reduction in copy number of genes in haploid embryos. To discriminate between these possibilities, we examined the expression of N/C ratio-dependent genes in embryos from C(2)EN or C(3)EN compound stocks that possess altered DNA content from the modulation of either chromosome II or III copy number, but have the normal diploid number of others. We found that the activation of odd, located on chromosome II, was still entirely dependent on the N/C ratio when the ratio was manipulated by changing the numbers of chromosome III: expression was delayed in embryos with a reduced amount of DNA (~60% of total DNA equivalent), and premature in embryos with extra chromosome copies (~140% of total DNA equivalent; Fig. 6A ). Similar results were obtained with other N/C ratiodependent genes, such as fruhstart, short of gastrulation, giant and spalt major (see Fig. S5A-D in the supplementary material) . We conclude that expression of the N/C ratio-dependent gene class relies on overall DNA content and not the presence of specific genomic regions, just as we observed for the control of nuclear divisions.
The above results indicate a correlation between cell cycle behavior and the onset of expression of the N/C ratio-dependent genes. However, these findings do not address whether the control of these two events derives from a shared mechanism that interprets RESEARCH ARTICLE Development 136 (12) the N/C ratio, or conversely if separate processes measure the N/C ratio and independently control transcription and cell cycle behavior.
To address this, we took advantage of the patchy behavior found in embryos with DNA content at the threshold for the N/C ratio. We reasoned that if transcriptional and cell cycle responses represented a shared assessment of N/C ratio, the expression domains of N/C ratio-dependent genes would always correlate with nuclear density. However, if the cell cycle and transcriptional decisions were mechanistically unlinked, the patchy mitotic behavior would not always align with any patchy or variable transcriptional responses observed with probes for the N/C ratio-dependent genes. The examination of expression patterns in patchy embryos strongly supported a tight coupling of the two decisions. For N/C ratio-dependent class genes, such as opa, odd and frs, the expression pattern correlated precisely with the boundary of the nuclear density, i.e. transcription was delayed in the area that failed to pause in the cell cycle ( Fig. 6B; see Fig. S6 in the supplementary material) . Consistent with this model, nascent transcripts visualized by FISH showed delayed expression in the compartment with a higher nuclear density, but were detected in low-density regions in which the N/C ratio was perceived as being sufficient to induce a cell cycle pause (Fig. 6C) . By contrast, and as expected from the above results, nuclear density had no effect on the expression of genes in the timedependent class (ilp4 and sna): the expression patterns were not disrupted by the discontinuity of the nuclear density ( Fig. 6B ; see also Fig. S6 in the supplementary material) , arguing against the possibility that the extra mitotic division in the higher nuclear density region nonspecifically interferes with transcription. On the basis of these findings, we propose a model of MBT with two separate layers of temporal control: one branch relies on the time interval following fertilization to activate both maternal RNA degradation and the majority of gene transcription, while a parallel, independent mechanism measures the N/C ratio and subsequently regulates both mitotic cycle and N/C ratio-controlled gene transcription. The degree to which these branches and the associated behaviors reflect truly independent mechanisms requires the testing of additional probes to exclude more trivial explanations, such as differences in transcript stability or gene size.
DISCUSSION
Multiple important transitions occur at the MBT: pause of cell cycle, accelerated degradation of maternal RNA, significant zygotic transcription, and cellularization. The simultaneous occurrence of these transitions poses an interesting question: are they independently timed with different mechanisms, or are they coordinated by some shared mechanism? Our data suggest the existence of a threshold mechanism that senses the ratio of total DNA content to cytoplasm and converts that ratio into an on-off cell cycle decision. The same N/C ratio appears to govern a significant fraction of the new transcription that occurs at cycle 14. The major change in transcription and almost all of the maternal RNA degradation that occur at the Drosophila MBT, however, appear to be regulated by absolute stage or developmental time, and are initiated independently of a particular N/C ratio.
Cell cycle control during MBT
By manipulating chromosomal genotypes in the embryo, we found that the DNA content threshold above which the embryo will stop mitosis is about 70% of the amount normally present at cycle 14 (Table 1) . Setting the threshold approximately midway between the DNA present at cycle 13 and cycle 14 would achieve the maximal tolerance to fluctuations of cytoplasmic volume and thus ensure robust mitosis transition. The patchy distribution of nuclear densities and apparent cell cycle choices in embryos with near threshold values is intriguing (Fig. 2C) . Because all nuclei in such embryos have similar DNA content and experience the same threshold N/C ratio, variations in its assessment between nuclei might have produced a salt-and-pepper-like distribution of cell cycle behaviors,
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Coupling of transcription to mitosis if individual nuclei made autonomous choices. Instead, we see patches of coherent behavior large enough to require the coordination of neighboring nuclei. This apparent non-autonomy might be similar to that governing the rapid meta-synchronous mitotic divisions during the early cleavage stages. During those stages, divisions are timed by maternally deposited cyclins (Crest et al., 2007; Edgar et al., 1994; Ji et al., 2004; Stiffler et al., 1999; Su et al., 1998) and by the DNA replication checkpoint proteins that control entry into mitosis (Brodsky et al., 2000; Ji et al., 2004; Sibon et al., 1997; Takada et al., 2007) . Local diffusion of such proteins might maintain synchrony during early mitosis and also account for the patchy pattern when nuclei reach a threshold N/C ratio. However, there are alternative hypotheses that might explain the patchiness of the response. For example, the cytoplasmic component of the N/C ratio might not be perfectly uniform in eggs. Nonuniformities might not matter in normal development but would have an impact when DNA contents are near threshold. It is also possible that the N/C ratio is read early and that decisions are inherited in coherent lineage-related patches. Further experiments will be required to distinguish between these possibilities.
Transcriptional activation at the MBT
The first 3 hours of embryonic development of Drosophila is characterized by a complex changing pattern of transcription (Pilot et al., 2006) . Our transcriptional profiling uncovers two modes of zygotic activation at cycle 14: transcription dependent on the N/C ratio and transcription dependent on the absolute time/stage. Even though our hierarchical clustering automatically grouped genes into two large clusters with N/C ratio-and time-dependent properties, the expression patterns of individual genes within each cluster show considerable variation. This variation could reflect a regulation of subgroups in each cluster by additional specific transcription factor(s) on top of their N/C ratio-or time-dependent regulation. Alternatively, genes could be affected by both N/C ratio-and timedependent regulation, but to differing extents. Consistent with either view, we found that the functions of both N/C ratio-and timedependent genes are quite heterogeneous and overlapping. There are traditional gap genes in both N/C ratio (knirps, giant) and time (Kruppel) dependent classes, as well as genes affecting DV patterning and cytoskeleton.
A fraction of the time-dependent class is expressed earlier and significantly overlaps with a well-described group of genes first detected in cycle 11/12 (De Renzis et al., 2007) . Although this overlap might imply a more gradual transcriptional activation during this period (Pritchard and Schubiger, 1996) , our data suggests that the increase in expression may be more abrupt, as a more than 6-fold increase in transcript level from cycle 13 to early cycle 14 was observed. The molecular mechanisms responsible for this increased transcriptional activity might not yet be fully established at the beginning of cycle 14. When time-dependent genes are compared in haploid and diploid embryos, the associated RNA levels in diploids at early cycle 14 are only 1.3 times that of haploids. This value is significantly lower than the 2-fold difference in copy number (Ashburner and Bonner, 1979; Devlin et al., 1988; Driever and Nusslein-Volhard, 1988) , and suggests that productivity per template is higher in haploids. This apparent hyperactivity in the haploid embryos has been lost by late cycle 14, when the diploid/haploid ratio (1.8) approaches the ratio of gene copy number. These observations suggest that the factors responsible for the burst in transcription at the beginning of cycle 14 are initially limiting, but that they continue to rise and reach a stable level towards the end of the cycle. The higher per template expression levels in haploid embryos might also explain why maternal RNA degradation that depends on zygotic transcription is still normal in haploids (see below)
The purely zygotic genes analyzed in our study account for only a small portion of the genes that are zygotically active at the MBT. Most zygotically active genes in Drosophila are also represented among maternal transcripts in the unfertilized egg (De Renzis et al., 2007) . The persistence of these maternal transcripts obscures their zygotic expression in haploid and diploids, and we were not able to determine unambiguously whether the new zygotic RNAs fall into the time-or N/C ratio-dependent groups. However, we note that most of these maternal-zygotic genes show early cycle 14 diploid/haploid expression ratios that are close to the 1.3 value observed for time-dependent purely zygotic genes, which suggests that these genes are not only expressed at cycle 14 in haploids, but that their transcriptional activity per template is higher than in diploids. They share these features with purely zygotic genes that are time dependent.
Maternal RNA degradation at the MBT In Drosophila, the cis-acting elements that determine the stability of maternal RNAs are located in the 5Ј cap and the 3Ј UTR, as well as in the ORF itself (Semotok and Lipshitz, 2007) . Many of the transacting factors that bind these elements are supplied as maternal RNAs and proteins that are activated at fertilization and result in a time-dependent 'maternal degradation pathway' (Bashirullah et al., 1999) . A second set of maternal RNAs is dependent on zygotic gene activity for their destabilization at the MBT (De Renzis et al., 2007; Edgar and Datar, 1996) . The identity and nature of the required transcripts have not yet been determined, although recent experiments point to an important role for microRNAs in the process (Bushati et al., 2008; Giraldez et al., 2006) . Our results indicate that most of the maternal RNA degradation occurring in Drosophila is a developmental time-regulated process that can be uncoupled from the N/C ratio. This time dependence is not inconsistent with the previously observed requirement for zygotic transcription, given the predominance of time-dependent transcription among the zygotically expressed genes. Instead, the observed time-dependent maternal RNA degradation could reflect the synergistic effects of both maternal and zygotic degradation mechanisms. Because our data came from a short developmental time window, cycle 13 to cycle 14, we could not distinguish which of the two pathways plays a major role during the MBT.
The maternal RNAs that encode the cdc25 homologs stg and twine merit special discussion. Stg is the major regulator of cell cycle progression at later stages and its degradation at cycle 14 correlates with the mitotic pause occurring at that time (Edgar and Datar, 1996) . We find that in haploid embryos maternal stg RNA undergoes degradation in a manner very similar to that in diploids, even though the embryo subsequently undergoes an additional round of mitosis before the pausing at cycle 15. The time-dependent degradation of stg suggests that stg RNA might not control N/C ratio-dependent cell cycle behavior at the MBT. Stg protein might persist after its RNA has gone, and other factors might govern cell cycle pause. One obvious candidate would be the second cdc25 homolog twine, which has an N/C ratio-dependent degradation pattern. Zygotically active candidates that might contribute to the control include Tribbles and Fruhstart, which depend on the N/C ratio for their expression and are required for an efficient pause at cycle 14 (Grosshans et al., 2003; Grosshans and Wieschaus, 2000) . How these regulators together with Stg coordinate cell cycle pause, and how stg and twine mRNAs are degraded by zygotic transcription require further investigation.
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Failed coordination of MBT transcription might explain haploid lethality in flies
In all diploid multicellular animals in which haploid individuals can be generated, they are inevitably lethal. For inbred laboratory strains like Drosophila, this lethality cannot be attributed to previously existing recessive lethal mutations that have accumulated in the population and are only uncovered in the haploid state. The observation that haploid embryos undergo an additional division cycle suggested an alternative cause for haploid lethality, namely that, from the blastoderm stage onwards, haploid embryos would have twice the number of cells. Although spatial patterning is generally normal in such embryos, each primordium would be established with double the number of cells. This increased size and cell number might cause problems at later stages in development. Although this explanation might have some validity in other organisms, it seems less likely in Drosophila given the classical experiments in which Bicoid dosage was manipulated to produce embryos in which primordia were either increased or decreased in size and yet still developed into viable adults (Namba et al., 1997) . The existence of two major modes of transcriptional regulation at the Drosophila MBT provides an alternative explanation for haploid lethality. In fly embryos, timedependent and N/C ratio-dependent gene expression are normally coordinated to produce the transcriptional profile required during cellularization and gastrulation. In the haploid embryos with an altered N/C ratio, this coordination is lost. The resultant temporal shift in expression patterns might throw certain developmental steps out of sequence and result in specific defects at later stages in development. It will be interesting to see whether the transcriptional modes we observed in Drosophila are common to other organisms, and whether a temporal expression shift of the N/C-dependent group can explain the lethality universally observed in haploid embryos. An important next step will be the identification of the respective molecular mechanisms that control the two modes of transcription in Drosophila. This will allow us to determine whether the underlying mechanisms are conserved in MBT among species. 
